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This paper presents the characterization of the electrically active defects created by 
epithermal and fast neutrons in epitaxial n-type 4H-SiC material using Laplace Deep 
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EC - 0.40 eV and EC - 0.70 eV. 
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 1. Introduction 
Silicon carbide (SiC) is a radiation-hard wide band gap semiconductor suitable for high 
temperature, high-frequency and high-power applications [1,2]. Due to the high and 
isotropic mobility of carriers, the 4H polytype of SiC is preferred as material for radiation 
detector applications [3]. Neutron radiation detectors based on SiC have attracted 
considerable interest in recent years [4]. 
Characterization of defects created by ionizing radiation in n-type epitaxial 4H-SiC layers 
is crucial for future improvement of radiation hardness and extending the lifetime of 4H-
SiC detectors by material engineering. Electrically active defects influence the electrical 
properties of the semiconductor and in general, cause a deterioration of the detector 
spectroscopic performance. This is essentially due to recombination of charge carriers at 
deep levels, which decrease the minority carrier lifetime, and consequently the charge 
collection efficiency of the detector. An increase in the concentration of a suitable impurity 
can suppress the formation of the most prominent/influential deep levels and increase the 
detection efficiency [5,6]. 
Numerous DLTS studies were conducted on 4H-SiC after controlled introduction of 
defects in the material by electron and proton irradiation or ion implantation. The 
dominating deep levels in as-grown n-type 4H-SiC are Z1/2 and EH6/7. The Z1/2 deep level 
has been assigned to double acceptor state transition of carbon vacancy VC(=/0) [7], while 
the EH6/7 deep level has been assigned to donor state of carbon vacancy. It has been 
shown that the Z1/2 peak consists of two peaks Z1(=/0) and Z2(=/0) assigned to carbon 
vacancies on two different lattice sites VC (h) and VC (k) [8]. Negative-U ordering of Z1(=/0) 
and Z2(=/0) has been observed by DLTS measurements and density functional theory 
(DFT) calculations [9,10]. 
The assignment of other commonly observed deep levels in irradiated n-type 4H-SiC is 
still uncertain and only speculations are possible with the available data. Two deep levels 
usually labeled as S1/S2 [11,12], S2/S4 [13,14] or EH1/EH3 [15–18] with energies around 
EC - 0.4 eV and EC - 0.7 eV [19,20] can be observed in n-type 4H-SiC after electron or 
proton irradiation and ion implantation. These defects are introduced by low energy 
electron irradiation which displaces only the carbon atom in the 4H-SiC crystal lattice [15]. 
Low temperature annealing studies have indicated that these are defects related to 
carbon interstitials [13,21] and that the decrease in their concentration is correlated with 
an increase in the charge collection efficiency [17]. These defects have been investigated 
mostly in electron or proton irradiated samples, however neutron irradiation induced 
defects have not been studied exhaustively [22,23]. 
Although the S and EH1/EH3 radiation induced defects have usually been attributed to C 
displacements (displacement threshold 20 eV [15,24]), particularly after low energy 
electron irradiation, with more energetic fast neutron irradiation additional defects are 
expected. The probability for silicon displacement (displacement threshold 35 eV [15,24]) 
increases with the energy of incident particle. 
In this paper, we report on Laplace DLTS measurements of neutron irradiated 4H-SiC 
Schottky barrier diodes. Laplace DLTS, which offers an order of magnitude better energy 
resolution compared to conventional DLTS, has been successfully applied in resolving 
the broad DLTS peak, known as Z1/2 into two components, Z1(=/0) and Z2(=/0). Moreover, 
Laplace DLTS was applied for the estimation of activation energies for electron emission 
from defects introduced by epithermal and fast neutron irradiation. Interest in these 
defects is due to their influence on the efficiency and lifetime of radiation hard neutron 
detectors. 
 
2. Materials and Methods 
n-type SiC Schottky barrier diodes (SBDs) were produced on nitrogen-doped (up to 
4.5×1014 cm−3), epitaxially grown 4H-SiC single crystal layers, approximately 25 µm thick 
[25]. The Schottky barrier was formed by evaporation of nickel through a metal mask with 
patterned square apertures of 1 mm ×1 mm, while Ohmic contacts were formed on the 
backside of the SiC substrate by nickel sintering at 950 °C in Ar atmosphere. 
The produced SBDs were irradiated with epithermal and fast neutrons at the Jožef Stefan 
Institute (JSI) TRIGA reactor in Ljubljana, Slovenia. Thermal neutrons with energy below 
0.55 eV were filtered by irradiating the Schottky barrier diodes inside a cadmium box with 
a wall thickness of 1 mm. The neutron energy spectrum in the irradiation location was 
characterized on the basis of Monte Carlo calculations with the MCNP® code [26] and 
activation measurements [27]. The total neutron flux in the irradiation location was 
monitored by activation measurements for the 197Au(n,γ) reaction for each used power 
level. The sub-cadmium neutron flux was derived from the characterized neutron 
spectrum, the cut-off energy of the cadmium box (0.55 eV) and the total neutron flux. The 
fractions of the epithermal neutron flux (neutron energies in the interval between 0.55 eV 
and 100 keV) and the fast neutron flux (neutron energies in the interval between 100 keV 
and 20 MeV) are approximately 51 % and 49 %. The epithermal range displays typical 
1/E behavior with negligible slope (α ≈ 0 in the parametrization φ(E) ~ 1/E1+α) and some 
small peaks and dips due to resonance absorption effects. The fast component follows a 
typical fission spectrum, with a peak region from around 1 MeV to around 2 MeV. 
Only intrinsic defects are introduced in 4H-SiC by displacement of silicon and carbon 
atoms. Samples were irradiated at room temperature. The specified neutron fluence 
levels for the sample irradiations spanned several orders of magnitude, in the range from 
109 n/cm2 up to 1014 n/cm. Table 1 reports the reactor power level and the irradiation time 
for each irradiated sample.  
Temperature dependent current-voltage (I-V) and 1 MHz capacitance-voltage (C-V) 
measurements were carried out using a Keithley 6487 Picoammeter/Voltage Source 
and a Keithley 4200 Semiconductor characterization system. Laplace DLTS and DLTS 
measurements were carried out using an experimental set up consisting of a Boonton 
7200 capacitance meter, NI PCI-6251 DAQ and Laplace DLTS software [28]. Laplace 
DLTS and DLTS measurements were performed in the temperature range from 130 up 
to 380 K. Laplace DLTS spectra with 200 points were calculated by the FLOG numerical 
routine [29] for all samples. Capacitance transients used as the input of FLOG 
numerical routine were measured with sampling rates in the range from 10 kHz up to 
70 kHz, number of points ~3×104 and number of averaged transients in the range from 
200 up to 1000. Prior to the measurements, the samples were cooled down from room 
temperature with no bias voltage applied.  
Capacitance amplitudes of deep levels from Laplace DLTS and DLTS measurements 
and values of capacitance from C-V measurements at reverse bias and pulse bias were 
used for calculation of concentrations of deep levels [30]. The Lambda effect was not 
taken into account. 
3. Results and Discussion 
The prepared 4H-SiC SBDs showed excellent rectifying properties before neutron 
irradiation. The measured I-V characteristics showed a reverse current at 300 K of less 
than 10 pA at -10 V for all samples. An increase in the series resistance of the Schottky 
diodes was observed from forward I-V characteristics at neutron fluences higher than 
1013 n/cm2, in agreement with other results from the literature [22,31]. The series 
resistance influenced only DLTS measurements of samples FN5E13 and FN1E14, while 
the other samples had negligible series resistance. 
 
We characterized deep levels introduced by epithermal and fast neutron irradiation using 
DLTS measurements performed in the temperature range up to 380 K (Fig. 1). We 
observed only one broad peak with maximum at around 300 K in the non-irradiated 
sample FN0. This peak is already reported, it is known as Z1/2 and it is assigned to the 
carbon vacancy VC (=/0) [7]. Epithermal and fast neutron irradiation with fluence up to 
1011 n/cm2 did not cause any new observable defects in the DLTS spectra. Peaks labeled 
EH1 and EH3 appear for higher neutron fluences and can be observed in the DLTS 
spectra of samples FN1E12 and FN1E13. Deep levels EH1 and EH3 [15] (or S1 and S2 
[12] or S2 and S4 [13,14]) already observed after the low energy electron irradiation and 
ion implantation, respectively match the EH1 and EH3 deep levels on Fig. 1 
 
The Z1/2 peak observed in DLTS spectra was clearly resolved into two peaks Z2(=/0) and 
Z1(=/0) by Laplace DLTS measurements on as-grown FN0 sample (Fig. 2). Z1(=/0) and 
Z2(=/0) have been assigned to the carbon vacancy on the hexagonal VC(h) and the cubic 
VC(k) site, respectively. Laplace DLTS spectra at 300 K of FN1E12 and FN1E13 samples 
might contain introduced deep levels with emissions close to Z1(=/0) or Z2(=/0). Therefore, 
Laplace DLTS analyses of Z1(=/0) and Z2(=/0) at higher fluences than 10
12 n/cm2 became 
ambiguous and the uncertainty of their calculated emissions increased, as the width of 
the Z1(=/0) and Z2(=/0) peaks is too broad for Laplace DLTS measurement analysis. At 
this stage, we can only speculate that the broadening of the Z1(=/0) and Z2(=/0) peaks in 
Laplace DLTS spectra of samples irradiated with high neutron fluences could be caused 
either by the broader emission distribution of the introduced carbon vacancies perturbed 
by a nearby defects or the introduction of additional unresolved deep levels.  
We investigated the influence of neutron irradiation on the free carrier concentration and 
acceptor levels (Z1(=/0) and Z2(=/0)) concentrations as a function of neutron fluence (Fig. 
3). Using Laplace DLTS, we estimated the concentration of Z1(=/0) and Z2(=/0) as 
individual deep levels for the first time. Epithermal and fast neutron irradiation did not 
cause changes in the free carrier concentration up to the neutron fluence of 1012 n/cm2, 
which confirms the expected, i.e. the excellent radiation hardness of 4H-SiC material. The 
significant decrease in the free carrier concentration is accompanied with the increase in 
the concentration of the Z1(=/0) and Z2(=/0) concentrations for fluence levels higher than 
1012 n/cm2 .The decrease in the free carrier concertation n as a function of the neutron 
fluence Φ is well described by a linear equation [33]: 
 
n(Φ) = n0 –KΦ, 
 
where the n0 is the initial doping concentration and K is the removal rate. The calculated 
removal rate for epithermal and fast neutron irradiation is 6.8 cm-1 and it is of the same 
order of magnitude as previously reported values for neutron irradiation. Differences in 
the removal rates are possibly due to different irradiation parameters or neutron energy 
spectra [34]. 
Laplace DLTS measurements (Fig. 4 and Fig. 5) on epithermal and fast neutron irradiated 
samples did not reveal the formation of additional deep levels overlapping with EH1 and 
EH3. As already mentioned, irradiations and ion implantations performed at sufficiently 
high energies for displacement of silicon atoms could potentially introduce additional deep 
levels in DLTS spectra overlapping with deep levels related to carbon displacement. In 
the case of alpha particle irradiation a peak which overlaps with EH1 has been observed 
in DLTS spectrum [20].  
 
The values for activation energies for electron emission, apparent electron capture cross 
sections and introduction rates are determined for all defects by Laplace DLTS (Table 2). 
Introduction rates for the Z1(=/0) and Z2(=/0) as individual defects have been directly 
measured for the first time using Laplace DLTS.  
The introduction rate for Z2(=/0) is approximately twice the Z1(=/0) introduction rate, while 
their concentration ratio Z2(=/0):Z1(=/0) is ≈ 4:1 in the as-grown FN0 sample. This result 
agrees well with DFT calculations where it was found that carbon vacancy in the double 
negative charge state is more stable on a lattice site with local cubic symmetry VC (k,=) 
assigned to Z2(=/0), compared to the hexagonal lattice site VC (h,=) assigned to Z1(=/0) 
[36]. It is not clear though, why upon irradiation, the introduction rate of cubic VC defects 
is greater than that of hexagonal VC defects. 
Introduction rates of observed defects after epithermal fast neutron irradiation are of the 
same order of magnitude as the EH1, Z1/2 and EH3 introduction rates in the case of 
electron irradiation [13,14] and an order of magnitude lower than in the case of proton 
irradiation [14,37]. The highest introduction rate after neutron irradiation is observed for 
the EH3 deep level, contrary to the electron and proton irradiation where Z1/2 has the 
highest introduction rate.  
Our results for the introduction rates of EH1 and EH3 support the assignment of the 
observed deep levels to simple defect complexes as epithermal and fast neutron 
irradiation introduces them with concentrations ratios comparable with electron and 
proton irradiations. There are several defects which could be observed by Laplace DLTS 
spectra in the temperature range up to 380 K if annealing studies [15] and DFT 
calculations are considered [10,38–43]. The simplest deep defects among them are Ci(-
/0) [42], (Ci)2(-/0) [38] and Sii(-/0) [43]. Considering the results on neutron irradiation and 
the deep defects presented in this study, we tentatively assign EH1 and EH3 to carbon 
displacements, most probably to Ci-related defects or complexes. 
 
4. Conclusions 
This paper reports results of Laplace DLTS measurements performed on epithermal and 
fast neutron irradiated n-type 4H-SiC Schottky barrier diodes. The Z1/2 peak observed in 
the conventional DLTS spectra was clearly resolved into two peaks Z2(=/0) and Z1(=/0) 
by Laplace DLTS. Neutron irradiation introduced two additional deep levels, EH1 and 
EH3, which were assigned to simple defect complexes. Their activation energies, 
apparent capture cross sections and introduction rates were determined by Laplace DLTS 
measurements.  
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Fig. 1. DLTS spectra of the as grown sample and neutron irradiated samples (emission 
rate 50 s-1) in temperature range from 130 K up to 380 K. Voltage settings are reverse 
bias VR = -10 V, pulse bias VP=-0.1 V and pulse width tp = 10 ms. Magnified DLTS spectra 
of FN1E13 sample is shown in the inset. 
 
 
Fig. 2. Laplace DLTS spectra of the as-grown FN0 and FN1E12 samples at three 
subsequent measurement temperatures. Laplace DLTS measurements were performed 
on the sample FN0 in temperature range from 282 K up to 304 K with 2 K step and on 
the sample FN1E12 in temperature range from 270 K up to 318 K with 2 K step. Voltage 
settings are reverse bias VR = -10 V, pulse bias VP=-0.1 V, pulse width tp = 10 ms.  
 Fig. 3. Influence of neutron irradiation on free carrier, Z1(=/0) and Z2(=/0) and Z1/2 
concentration. The free carrier concentrations are determined from C-V measurements 
at 300 K. The Z1(=/0) and Z2(=/0) concentrations are determined from Laplace DLTS and 
C-V measurements at 300 K. The Z1/2 concentrations are determined from DLTS 
amplitudes (emission rate 50 s-1) and C-V measurements at temperature of Z1/2 peak 
maximum [32]. 
 
  
Fig. 4. Laplace DLTS measurements on the sample FN1E13 performed in the 
temperature range from 194 K up to 214 K with 2 K step (three subsequent 
measurements are shown). Voltage settings: reverse bias VR = -10 V, pulse bias VP=-
0.1 V and pulse width tp = 10 ms.  
  
Fig. 5. Laplace DLTS measurements on sample FN1E12 performed in the temperature 
range from 336 K up to 370 K (three subsequent measurements are shown). Voltage 
settings: reverse bias VR = -10 V, pulse bias VP=-0.1 V, pulse width tp = 10 ms. 
 
  
Table 1. List of samples with used neutron irradiation settings. 
Sample 
label 
Fluence 
(uncertainty)  
(n cm-2) 
Irradiation 
time 
(s) 
Reactor power Sub-Cd flux 
(uncertainty)  
(n cm-2s-1) 
FN0 0 0 / / 
FN1E9 1.1×109 (2.9%) 30 2.5 W 3.66×107 (2.7%) 
FN1E10 1.1×1010 (2.7%) 300 2.5 W 3.66×107 (2.7 %) 
FN1E11 9.4×1010 (2.9%) 273 25 W 3.44×108 (2.9 %) 
FN1E12 9.4×1011 (2.9%) 2730 25 W 3.44×108 (2.7 %) 
FN1E13 1.0×1013 (11 %) 2.73 250 kW 3.66×1012 (2.7 %) 
FN5E13 5.0×1013 (2.7 %) 1365 2.5 kW 3.66×1010 (2.7 %) 
FN1E14 1.0×1014 (2.9%) 27.3 250 kW 3.66×1012 (2.7 %) 
 
Table 2. Activation energies Ea and capture cross sections σ determined from Laplace 
DLTS measurements on the FN1E12 and FN1E13 samples (Fig. 2, 4 and 5). Introduction 
rates η [35] of the observed deep levels after the neutron irradiation are included. 
Deep 
level 
Ea 
(eV) 
σ 
(cm2) 
η 
(cm-1) 
EH1 0.397 ± 0.002 2×10-15  0.09 
Z1(=/0) 0.54 ± 0.01 7×10
-16  0.29 
Z2(=/0) 0.679 ± 0.003 1×10
-14  0.57 
EH3 0.70 ± 0.01 1×10-15  0.80 
 
 
